The effect of lip surface microtopography on lubrication of radial shaft seals is studied numerically. Numerical analysis of hydrodynamic flow at the lip is conducted with a simple sinusoidal wave as a lip surface asperity model. In order to understand the effects of lip surface microtopography on micro EHL, amplitude, wavelength, curvature and asperity ratio on film formation are investigated. It is found that the wavelength, the curvature and the aspect ratio significantly affect film formation and the coefficient of friction, and that coefficient of friction is influenced not only by minimum film thickness but by the average film thickness.
Introduction
Radial shaft seals are widely used in industry to prevent leakage of lubricant and exclude contaminants through the sealing zone between the sealing lip and the shaft. It is generally understood that the primary sealing mechanism results from the deformation of the micro-asperity, which produces reverse pumping from air side of the lip to sump side [1, 2] . On the other hand, it is known that the primary load support mechanism results from micro-elastohydrodynamic film formation between the rough lip surface and the shaft. Therefore, microasperity of the lip surface plays a critical role in sealing and lubrication.
Recent studies [3] [4] [5] show that the different microtopography of the lip surface causes differences in fluid film formation and the coefficient of friction. However, there remains to be investigated which kind of features in actual microtopography of lip surface affect the film formation and the coefficient of friction.
From a hydrodynamic point of view, numerous numerical studies of the lip seal have been performed. Recent numerical studies [6] [7] [8] [9] [10] [11] [12] [13] take into account the cavitations, mass conservation at the cavitation boundaries and deformation of the asperities, and give realistic predictions such as film thickness distribution, shear deformation, under-lip temperature, torque and reverse pumping rate. Nevertheless, only a few [6, 7, 12, 22] have analyzed the influence of the roughness model on the average film thickness, pressure and reverse pumping. It is still unclear that the effects of the individual parameter of the surface roughness on the film formation and the coefficient of friction.
Müller [14] showed the two typical different surface roughness patterns of the lip seal which are undulation type and irregular micro-asperity type. The former assumes a kind of transverse roughness. On the other hand, considering the actual sliding situation, the distortion of each asperity is caused by shear force, and asperity will orient in the sliding direction. However, in the studies on the effect of orientation of asperity the sealing mechanism is the major concern [11, 12, [15] [16] [17] .
In the present study, the effects of lip microtopography are investigated numerically. Numerical analysis of hydrodynamic flow at the lip is conducted using a simple sinusoidal wave as a lip surface asperity model. In order to understand the effects of lip surface microtopography on micro EHL (Elastohydrodynamic  Lubrication) , amplitude, wavelength, curvature and aspect ratio of micro-asperities on film formation are investigated. Figure 1 shows a schematic of sealing zone and the lip surface model with the seal having wear width b. The present model assumes that the seal lip and the shaft in the sealing zone is nominally parallel in the circumferential (x) direction. Analysis of hydrodynamic flow in the sealing zone is made by numerically solving the Reynolds equation and elastic deformation of the lip. The following assumptions are made; (i) the lip is perfectly elastic (ii) the shaft is perfectly smooth (iii) the air side of the seal lip is flooded with lubricant (iv) the temperature is uniform The sealing zone is defined by a contact width b, which is determined by the worn width of the lip, and is assumed not to make appreciable change by pressure distribution in steady state operation, in the axial direction and a circumferential length πd in the direction of sliding.
Theoretical analysis

Analytical model
Film thickness
The film thickness h(x, y) between smooth shaft and a rough seal surface is expressed by:
where h 0 is the gap between the base level of the lip surface and the shaft as shown in Fig. 1 , h s is the lip surface microtopography without deformation, h y is the macroscopic lip shape in the axial direction without deformation and h e is the lip elastic deformation.
Lip surface microtopography is modeled by a simple sinusoidal form expressed as:
where A 0 is the amplitude of the micro-asperity. This model represents the main scale or waviness component of roughness and therefore finer structures are ignored in this study [18, 19] .
The lip shape in the axial direction is considered to have height A 1 and A 2 based on the results from the measurement of lip surface microtopography. In this study, the axial curvature is defined by the sinusoidal form proposed in Ref. [20] given by: where y b is the axial location where the initial film thickness is minimum. This consideration allows generating an asymmetric distribution of the contact pressure in the axial direction.
The lip deformation is caused by linear elastic deformation generated by film pressure p(x', y'). It is given by:
Where E' is equivalent Young's modulus given by
and ν shaft and ν seal represent the Poisson ratio of the shaft and the seal. E shaft and E seal are the elastic moduli of the shaft and the seal respectively. The distortion of the asperity caused by the shear force is not included here, but the effect of the asperity orientation is considered with different wavelength in x, y coordinates in Eq.(2).
Fluid mechanics
Fluid mechanics of the lubricating film is governed by Reynolds equation. The Reynolds equation, Eq. (6), is put into finite difference form and p is solved for given h by using the multilevel techniques [21] .
where p(x, y) is pressure and u is the shaft speed. Fluid viscosity η is assumed constant here for isoviscous fluid.
The calculation is performed using a mesh size with 1.0 × 1.0 µm. Because the lip surface microtopography has the periodic pattern, only a part of the sealing zone with a length λ x in x-direction and a contact width b in y-direction will have to be solved. The boundary conditions are p(0, y) = p(λ x , y), p(x, 0) = p a and p(x, b) = p s . The Reynolds boundary condition is employed to determine cavitation boundaries, which implies mass is conserved at leading edges of cavities while it is not at The two convergence criteria have to be satisfied simultaneously: the percentage difference between current and previous approximation of the pressure distribution is lower than 0.1%; the percentage difference between the load supported by the current pressure and the applied radial load is lower than 5%.
Viscous friction force F is obtained by integrating the shear stress expressed as Eq. (7) except for cavitation region. The first term is called the Couette term and the second term is called the Poiseuille term, which is negative when ∂p/∂x is positive. The coefficient of friction (COF) is determined as the viscous friction divided by the load in the calculation area (λ x . b).
Results
The operating conditions and the specification of the lip model given in the present study are shown in Tables  1 and 2 . They take into account the experimental results [5] .
Amplitude, wavelength and curvature
In the first series of simulation, the effect of lip surface microtopography is examined by changing the amplitude and the wavelength in Eq. (2) . Curvature R x is consequently determined by the amplitude A 0 and the wavelength λ x in a simple sinusoidal wave as 4π
The effect of the amplitude A 0 , the wavelength λ x and the curvature R x on the minimum film thickness h min and the average film thickness h ave at u = 1.0 m/s is shown in Fig. 2 . The minimum film thickness seems independent of the amplitude, but it increases with the wavelength and decreases with the curvature. On the other hand, average film thickness increases with the amplitude and the wavelength, and decreases with the curvature. Note that the amplitude and the wavelength correlate with average film thickness and the curvature correlates well with minimum film thickness. Figure 3 shows the effect of the amplitude, the wavelength and the curvature on the coefficient of friction (COF) at u = 1.0 m/s. The coefficient of friction does not correlate simply with the amplitude. The wavelength more strongly correlates with the coefficient of friction than the curvature, although the curvature correlates well with the minimum film thickness. This suggests that the coefficient of friction is influenced not Fig. 2 The effect of the amplitude A 0 , the wavelength λ x and the curvature R x on the minimum film thickness h min and the average film thickness h ave at u = 1.0 m/s only by the minimum film thickness but rather by the average film thickness. It is clear that the seal which has large wavelength and small curvature shows low friction.
Aspect ratio
In the second series of simulation, the effect of aspect ratio of the micro-asperity of the lip surface microtopography defined by γ = λ x /λ y is examined. Figure 4 shows the relationship between the dimensionless duty parameter G and the coefficient of friction at A 0 = 1.5 µm, where G is defined by G = ηub/P r , η is fluid viscosity, u is shaft speed, b is seal contact width, and P r is radial load. The coefficient of friction increases with G regardless of the wavelength and the aspect ratio of the micro-asperity defined by γ=λ x /λ y . The results demonstrate that the coefficient of friction clearly depends on the wavelength λ x and the aspect ratio γ. Figure 5 shows the effect of the aspect ratio γ on the film thickness and the coefficient of friction at u = 1.0 m/s. It is clear that the aspect ratio significantly affects the minimum film thickness and the coefficient of friction. Longitudinal roughness (γ > 1) shows thinner film thickness and higher coefficient of friction than isotropic roughness (γ = 1) at the same amplitude and wavelength. In contrast, the film thickness ant the coefficient of friction are almost independent of the aspect ratio for transverse roughness (γ < 1). Figure 6 shows the relationship between the film thickness and the coefficient of friction at u = 1.0 m/s. The results show that the coefficient of friction is influenced not only by the minimum film thickness h min but by the average film thickness h ave . This indicates that not only thin film between the seal and the shaft but also relatively thick film in the sealing zone cause the shear 
Discussion
In the present study, we employed a simple deterministic model as the lip surface roughness; the asperity distributions on the actual seals appear to be random [4, 5] . Shi and Salant [22] employed four different surface model, which are not only deterministic model but also quasi-random model generated with a specified average roughness height, correlation distance and Gaussian distribution. Figure 7 shows the friction characteristics obtained in the present study in comparison with the numerical results of Shi and Salant. The relationship between the dimensionless shaft speed and the coefficient of friction is almost the same tendency in all the results nevertheless the surface models are different. The typical statistical roughness parameters are equivalent in all the model of Shi and Salant, which are 1 µm of rms roughness and 25 µm of correlation distance, i.e., it is comparable around 2 µm of amplitude and 50 µm of wavelength in sinusoidal model. Therefore these results suggest that the coefficient of friction well depends on the roughness features of main scale or waviness component regardless of the surface model.
In our experimental study [5] , we measured the friction between the lip seals and the smooth shaft where the air side of the lip was also flooded with the oil. The results obtained for four different lip surface topographies showed that the coefficient of friction correlated well with the correlation distance which indicates the spatial parameter of lip surface roughness, whereas the coefficient of friction almost unchanged with the rms roughness and the mean peak curvature. As shown in Fig. 3 , the wavelength indicating the spatial parameter of the lip surface model correlates well with the coefficient of friction, which agrees with the experimental results. On the other hand, the aspect ratioγ also affects the coefficient of friction as shown in Fig.5 , and longitudinal roughness (γ > 1) shows high coefficient of friction but transverse roughness (γ < 1) hardly affects the coefficient of friction as compared with isotropic roughness (γ = 1). In our study [4, 5] , the lip surface roughness observed is rather irregular micro-asperity type. In that case the orientation of each asperity caused by the shear force seems to be restricted to some extent, and then the wavelength has a dominant influence on the coefficient of friction. Figure 8 shows the relationship between the dimensionless duty parameter and the coefficient of friction obtained by the experiment [5] and the present study. The coefficient of friction in the numerical prediction is lower than that of experimental result, although the minimum film thickness and the average film thickness shown in Fig. 6 are almost the same as the measured values; the minimum film thickness ranges between 0.1 and 0.6 µm [23] and the average film thickness ranges between 1 and 6 µm [3, 4] . Note that the slope of the present numerical study in Fig. 7 is around 1/2 regardless of the wavelength and the aspect ratio, although that in the experiment is around 1/3 to Fig. 8 The relationship between the dimensionless duty parameter G and the coefficient of friction (COF) obtained by the experiment and the present study 1/4. The discrepancy suggests that some other topographical features that have not been covered in the present study may have effects. Another possible cause may be the mixed lubrication effect, which should be addressed in the future works.
Summary
The numerical analysis of EHL on the effect of lip surface roughness on lubrication has been presented. The results obtained with the sinusoidal surface model show that the wavelength, the curvature and the aspect ratio significantly affect film formation and the coefficient of friction. In addition, the results also show that the coefficient of friction is influenced not only by the minimum film thickness but by the average film thickness. 
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